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Highlights

* Plant-mediated synthesis produced phase-pure wurtzite ZnO nanoparticles (20—60 nm).

* Surface phytochemicals promoted Zn** reduction and nanoparticle stabilization.

» ZnO-NPs exhibited antibacterial, antioxidant and selective anticancer activities.

* DFT revealed favorable frontier orbital characteristics for phytochemical-mediated synthesis.

* Docking analysis demonstrated stable ligand interactions with human 173-HSD1 (PDB:
IFDW).



Abstract

Green synthesis of metal oxide nanoparticles using medicinal plants provides a sustainable
approach for developing bioactive nanomaterials. In this study, zinc oxide nanoparticles (ZnO-
NPs) were biosynthesized using Allamanda cathartica leaf extract and evaluated through an
integrated experimental and computational approach. The synthesized ZnO-NPs were
characterized by UV—visible spectroscopy, Fourier-transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), transmission electron microscopy (TEM), and energy-dispersive X-
ray spectroscopy (EDX). UV—visible analysis showed a characteristic absorption maximum at
374 nm, while FTIR confirmed Zn—O bonding and the presence of surface-associated hydroxyl
and organic functionalities. XRD analysis indicated a crystalline hexagonal wurtzite ZnO
phase, and TEM revealed predominantly spherical nanoparticles approximately 20—60 nm in
size. EDX confirmed Zn and O as the major elemental constituents. The biosynthesized ZnO-
NPs exhibited broad-spectrum antibacterial activity against Escherichia coli, Bacillus cereus,
Staphylococcus aureus, and Pseudomonas aeruginosa. DPPH radical-scavenging activity
increased with nanoparticle concentration, with an ICso of 655.5 pg mL™'. MTT analysis
demonstrated concentration-dependent cytotoxicity against A549, MCF-7, and KB-3-1 cancer
cells, with ICso values of 243.81, 175.92, and 189.62 pg mL™, respectively, whereas 1.929
fibroblasts showed a higher ICso 0f 640.16 ng mL™". The corresponding selectivity indices were
2.63, 3.64, and 3.38 for A549, MCF-7, and KB-3-1 cells, respectively, indicating preferential
in-vitro cytotoxicity toward the tested cancer cells relative to L929 fibroblasts. DFT
calculations of selected 4. cathartica phytoconstituents yielded electronic reactivity descriptors
that support their potential involvement in nanoparticle formation. At the same time, Monte
Carlo simulations indicated energetically favorable adsorption of phytochemical species on the
zinc-containing surface. Molecular docking further predicted favorable interactions with the
selected biological target (PDB ID: 1FDW), providing complementary mechanistic insight into
the observed bioactivity. Overall, 4. cathartica-mediated ZnO-NPs exhibited combined
antibacterial and differential anticancer activity, supporting their potential as bioactive
nanomaterials for further biomedical investigation.

Keywords

Allamanda cathartica, Zinc oxide nanoparticles, Green synthesis, Cytotoxicity, Density
functional theory (DFT), Molecular docking.



Abbreviations: ZnO-NP — Zinc Oxide nanoparticles; DPPH — 2,2-diphenyl-1-picrylhydrazy];
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; FTIR — Fourier
Transform Infrared Spectroscopy; TEM — Transmission Electron Microscopy; XRD — X-ray
Diffraction; AC — Allamanda cathartica; DFT — Density Functional Theory; ROS — Reactive
Oxygen Species; FMO — Frontier Molecular Orbitals; HOMO — Highest Occupied Molecular
Orbital; LUMO — Lowest Unoccupied Molecular Orbital; MC — Monte Carlo simulation; MIC

— Minimum Inhibitory Concentration.



Introduction

Medicinal plants serve as vital sources of medicinal agents and continue to play a key role in
contemporary drug discovery. Their pharmacological activity is primarily attributed to a
diverse array of secondary metabolites, including phenolics, flavonoids, alkaloids, terpenoids,
and steroids, which confer a wide spectrum of biological activities, such as antioxidant,
antimicrobial, anti-inflammatory, and anticancer properties (Atanasov et al. 2021; Newman
and Cragg 2020). The increasing demand for safer, cost-effective, and biologically compatible
therapeutics has renewed attention in plant-borne bioactive complexes and their applications
in advanced biomedical technologies (Salem et al. 2023). Allamanda cathartica L. (family
Apocynaceae) is a therapeutically important plant traditionally used to treat constipation,
inflammation, ascites, and poisoning. The ethno-pharmacological relevance of 4. cathartica is
supported by experimental evidence demonstrating its analgesic, antioxidant, thrombolytic,
and cytotoxic activities (Tomar et al. 2024; Petricevich and Abarca-Vargas 2019).
Phytochemical investigations have confirmed the presence of bioactive compounds, including
phenols, alkaloids, flavonoids, and terpenes, which are likely responsible for its diverse
pharmacological properties (Ghosh et al. 2019). These results suggest that A. cathartica is a
promising natural source for developing bio-functional materials. In recent years, the
convergence of natural product chemistry and nanotechnology has emerged as an effective
strategy for enhancing biological efficacy and expanding therapeutic applications (Patra et al.
2018; Harvey et al. 2015). In particular, the biosynthesis of metal and metallic oxide
nanoparticles using plant-based extracts has attracted significant attention for its environmental
sustainability, operational simplicity, cost-effectiveness, and improved biocompatibility
compared to conventional chemical and physical synthesis routes (Ahmed et al. 2016). Plant-
derived biomolecules behave as both reducing and stabilizing mediators during nanoparticle
development, thereby influencing particle morphology, size, surface chemistry, and biological
interactions. As a consequence, biosynthesized nanoparticles often exhibit enhanced biological
activity and reduced toxicity, making them attractive candidates for pharmaceutical and

biomedical applications (Mittal et al. 2013).

Due to their favourable physicochemical properties, including nanoscale size, high
surface area-to-volume ratio, chemical stability, and intrinsic biocompatibility, zinc oxide
nanoparticles (ZnO-NPs) have been widely studied among metallic oxide nanomaterials
(Sirelkhatim et al. 2015). The antimicrobial, antioxidant, and anticancer activities of ZnO-NP

are mediated mainly by the generation of ROS, membrane disruption, the release of Zn** ions,



and the induction of oxidative stress, respectively (Abebe et al. 2020; Pushpalatha et al. 2022).
Their properties have enabled applications in wound healing, antimicrobial coatings, drug
delivery, biosensing, and cancer therapy. Importantly, ZnO-NP have been shown to exhibit
differential cytotoxic effects compared to normal cells, making them attractive therapeutic
nanomaterials (Jiang et al. 2018; Siddiqi et al. 2018). However, potential toxicity,
bioaccumulation, and adverse environmental effects underscore the need for further research

to maximize their safe biomedical applications (Bisht & Rayamajhi 2016; Rajput et al. 2020).

Although there is substantial experimental evidence for ZnO-NP bioactivity, the
molecular-level mechanisms underlying their biological effects remain only partially
understood. In this context, computational approaches complementary to experimental studies,
such as density functional theory (DFT) and molecular docking, have proved useful. Insights
from DFT calculations on the electronic structure, surface reactivity, stability, and redox
behavior of the phytochemicals involved in nanoparticle synthesis have been closely linked to
the generation of ROS and antioxidant activity (He et al. 2020; Ghaffar et al. 2023; Mandal
2023). Molecular docking studies allow prediction of the interactions between nanoparticle-
associated phytochemicals and biological macromolecules, thus providing mechanistic insight
into antimicrobial and cytotoxic effects via potential protein binding and functional inhibition
— noting that docking indicates plausible binding compatibility rather than confirmed
biological mechanism, and that target selection should be matched to the specific cancer
biology under study. Recent studies have increasingly focused on the biosynthesis of ZnO-NP
using plant-based extracts, reporting improved antimicrobial efficacy against a broader range
of pathogenic bacteria and fungi (Salem and Fouda 2021; El-Saadony et al. 2024). Beyond
antimicrobial activity, plant-derived ZnO-NP have also exhibited considerable antioxidant
activity, attributed to free-radical scavenging and redox-modulatory capacities arising from
surface-bound phytochemicals and electronic properties (Ghaffar et al. 2023). Moreover,
several studies have reported their selective toxicity toward cancer cells, suggesting potential

use in anticancer therapy (Jiang et al. 2018).

As research focus shifts towards environmentally friendly nanoparticle synthesis,
detailed physicochemical characterization, and elucidation of biological activity mechanisms,
the present study reports the biosynthesis of ZnO nanoparticles using leaf extract of A/lamanda
cathartica as a natural reducing and stabilizing agent (Sharma et al. 2024). The biosynthesized
ZnO-NPs underwent physicochemical characterization and were evaluated for their

antimicrobial, antioxidant, and cytotoxic activities against selected microbial strains and cancer



cell lines, the latter benchmarked against the reference chemotherapeutic drug cisplatin. DFT
calculations and molecular docking analyses were used to supplement the experimental work,
providing molecular-level insights into the electron-donating capacity of the phytoconstituents
and their potential interactions with a biologically relevant target protein (Akhter et al. 2024).
To the best of our knowledge, no prior study has investigated the synthesis of ZnO-NPs using
A. cathartica leaf extract or integrated computational DFT and docking analyses to elucidate
the mechanistic basis of their bioactivity. This integrated experimental-computational approach
is intended to establish the ZnO-NPs synthesized using A. cathartica as potential bioactive
nanomaterials for therapeutic and biomedical applications. This study reports, for the first time,
the phytosynthesis of zinc oxide nanoparticles (ZnO-NPs) using Allamanda cathartica leaf
extract as a dual reducing and stabilizing agent, integrating comprehensive biological

evaluation with multi-level computational validation.
Experimental

Materials

Preparation of Allamanda cathartica leaf extract

Allamanda cathartica (fresh leaves) were collected and then washed copiously with distilled
water to remove surface dust and impurities. The leaves were air-dried at room temperature
and then oven-dried at 55°C to constant weight to ensure complete moisture removal. The dried
plant material was ground in a mechanical grinder and sieved to obtain a uniform fine powder.
Aqueous extraction was performed by mixing the leaf powder with distilled water at a 1:40
(w/v) ratio in sterile conical flasks. The mixture was macerated for 48 h at room temperature.
The extracted suspension was then ultrasonicated (two 10 min cycles) to optimize extraction
efficiency, then shaken on a rotary shaker at 120 rpm for 24 h. The extract was filtered through
Whatman No. 1 filter paper to remove plant debris. The clear filtrate was freeze-dried to obtain

a concentrated crude extract that was stored at 4°C until further analysis (Chemat et al. 2020).
Qualitative phytochemical screening

Primary qualitative phytochemical screening of the lyophilized aqueous leaf extract of
Allamanda cathartica was carried out to identify major classes of secondary metabolites.
Standard biochemical and phytochemical tests were performed to detect carbohydrates
(Molisch's test), reducing sugars (Fehling's test), alkaloids (Mayer's and Dragendorff's tests),

flavonoids (Shinoda test), glycosides and cardiac glycosides (Keller-Killiani test), tannins and
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phenolic compounds (ferric chloride test), saponins (frothing test), steroids and phytosterols
(Salkowski and Liebermann-Burchard tests), quinones, starch (iodine test), and coumarins. All
tests were conducted in triplicate under standardized laboratory conditions, and a color change
or precipitate formation was considered a positive indication of the respective phytochemical
group. Screening procedures followed established standard protocols with minor adaptations

(Wadood et al. 2013).

Biosynthesis of zinc oxide nanoparticles (ZnO-NP)

Zinc oxide nanoparticles were synthesized using a phyto-mediated precipitation method
employing the aqueous leaf extract of Al/lamanda cathartica as a phyto-reducing and stabilizing
agent. Briefly, 0.02 M zinc acetate dihydrate [Zn (CHsCOO),-2H>0] was dissolved in 50 mL
of deionized water under constant magnetic stirring for 10 min to obtain a clear homogeneous
solution. One millilitres of the aqueous leaf extract were then added while stirring continuously.
Zinc hydroxide intermediates were formed by dropwise addition of 2 M NaOH to raise the pH,
and these intermediates were aged to yield ZnO nanoparticles. The reaction mixture was left
undisturbed for 2 h at ambient temperature to ensure complete precipitation. The resulting
white precipitate was recovered by centrifugation at 15,000 rpm for 15 min, washed repeatedly
with absolute ethanol to remove residual phytoconstituents and unreacted precursors, and then
air-dried in a hot-air oven at 60°C overnight. The dried ZnO-NP powder was finely ground and
stored in airtight containers under desiccated conditions until further analysis (El-Saadony et

al. 2024).
Characterization of ZnO-NP

The optical characteristics of the biosynthesized ZnO-NP were analyzed using UV—Visible
spectroscopy in the 200-800 nm wavelength range to detect the characteristic absorption peak
and estimate the optical band gap energy. Fourier-transform infrared (FTIR) spectroscopy was
used to identify functional groups associated with phytochemical capping and surface
interactions. FTIR spectra were recorded using a Nicolet FTIR-6700 spectrometer (Thermo
Scientific, USA) at a resolution of 4 cm™ using the KBr pellet technique over the 400—4000
cm ! spectral range. The crystalline structure and phase purity of ZnO-NPs were studied by X-
ray diffraction (XRD) using a Bruker D8 Advance X-ray powder diffractometer with Cu Ka
radiation (A = 1.5406 A) and a nickel filter over a 20 range of 10°-90° at a scanning rate of 5°
min~'. The average crystallite size was calculated using the Debye—Scherrer equation.

Morphological features and particle size distribution were investigated by transmission



electron microscopy (TEM) using a JEOL JEM-2100 instrument at an accelerating voltage of
200 kV. Samples were prepared by drop-casting a dilute nanoparticle suspension onto carbon-
coated copper grids, followed by solvent evaporation. Elemental composition was determined
by energy-dispersive X-ray spectroscopy (EDX) coupled to a Bruker system (Germany),
confirming the presence of zinc and oxygen as the principal constituents (El-Saadony et al.

2024).

Antibacterial activity of ZnO-NPs

The antibacterial activity of the biosynthesized ZnO-NPs was assessed using the agar well
diffusion assay against Gram-positive (Staphylococcus aureus and Bacillus cereus) and Gram-
negative (Pseudomonas aeruginosa and Escherichia coli) bacteria. Fresh overnight cultures
were standardized to approximately 0.5 McFarland turbidity (=108 CFU mL™). Nutrient agar
plates were inoculated by swabbing, and 6 mm diameter wells were created using a sterile corn
borer. ZnO-NP suspensions at concentrations of 1250, 2500, 5000, and 10,000 pg mL™" were
added to the wells. Sterile distilled water served as the negative control and gentamicin (10 ug
mL ") as the positive control. Plates were incubated for 24 h at 37°C under aerobic conditions.
The diameters of the inhibition zones were measured in millimeters. All experiments were
conducted in triplicate, and results are expressed as mean + standard deviation, with one-way

ANOVA and Tukey's post hoc test applied for intergroup comparisons (Balouiri et al. 2016).

Minimum inhibitory concentrations (MIC) assay

The MIC of ZnO-NPs was determined using the broth microdilution method in sterile 96-well
microplates. Overnight bacterial cultures were standardized to approximately 0.5 McFarland
standard (=10® CFU mL™"). Twenty microliters of standardized bacterial suspension were
added to each well containing 100 pL of sterile nutrient broth. ZnO-NP suspensions were
prepared in sterile distilled water and two-fold serially diluted to obtain concentrations of
10,000, 5000, 2500, and 1250 pg mL™'. A 100 pL volume of each nanoparticle dilution was
added to the respective wells (total working volume of 220 pL per well). Following 24 h
incubation at 37 °C, 20 uL of aqueous p-iodonitrotetrazolium chloride (INT; 4% w/v; Sigma-
Aldrich) was added to each well, and the wells were incubated for 30—60 min. The MIC was
defined as the minimum concentration that fully inhibited observable bacterial growth,
evidenced by the absence of red formazan coloration. All experiments were conducted in

triplicate (Kowalska-Krochmal & Dudek-Wicher 2021).

Antioxidant activity (DPPH radical scavenging assay)



Antioxidant activity of the synthesized ZnO-NPs was assessed using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging assay. A freshly prepared 0.1 mM DPPH
solution in methanol was protected from light before use. ZnO-NP suspensions at
concentrations of 125, 250, 500, and 1000 pg mL™" (0.5 mL each) were mixed with 3.5 mL of
DPPH solution and kept in the dark at 37°C for 30 min. Absorbance was measured at 517 nm
using a UV-Visible double-beam spectrophotometer. The percentage DPPH radical

scavenging activity was calculated using the formula:
% Inhibition = [(Acontrol - Asample) / Acontrol] x 100 (I)

Where Acontrol represents the absorbance of the DPPH control, and Asample represents the
absorbance in the presence of ZnO-NPs. The ICso value was determined from the dose—

response curve. All experiments were conducted in triplicate (Gulcin and Alwasel 2023).

Cytotoxic activity (MTT assay)

The in vitro cytotoxic effects of ZnO-NPs were evaluated using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] colorimetric assay against human
lung carcinoma (A549), human breast adenocarcinoma (MCF-7), human epidermoid
carcinoma (KB-3-1), and normal mouse fibroblast (L929) cell lines. All cell lines were
obtained from the National Center for Cell Science (NCCS), Pune, India, and confirmed to be
mycoplasma-free and cultured in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin under
standard conditions (37°C, 5% CO», humidified atmosphere). Cisplatin (15 pg mL™") was used
as a positive control, and L929 cells were exposed for 24 h under identical conditions to serve
as a reference for cytotoxicity and selectivity. Cells were seeded at ~1 % 10* cells/200 uL per
well in 96-well microplates and allowed to adhere for 24 h. The medium was replaced with
fresh medium containing ZnO-NP concentrations ranging from 50-250 ug mL™". After 24 h of
treatment, 100 pL of MTT solution (0.5 mg mL™") was added, and the mixture was incubated
for 3 h. Formazan crystals were dissolved in 100 pL of DMSO, and absorbance was measured
at 570 nm (reference: 630 nm). Cell viability was calculated relative to untreated controls, and
ICso values were obtained from dose-response curves by nonlinear regression analysis. Each

experiment was repeated three times (Ghaffar et al. 2023).
Cell Viability (%) = (A_sample / A_control) x 100 (I1)

Growth Inhibition (%) = 100 — Cell Viability (%) (11)
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Determination of ICso values and selectivity index.

The 1Cso (concentration required to inhibit 50 % of cell viability) was calculated from dose—
response curves generated using GraphPad Prism 9. All experiments were performed in
triplicate, and values were expressed as mean + standard deviation (SD). The selectivity index
(SI) was calculated as: SI = ICso, Normal cells/ICso, Cancer cells, where the ICso of HEK-293
normal cells was used as the denominator; SI > 3 was considered indicative of selective

cytotoxicity towards cancer cells (Hou et al. 2019).

Computational analysis

The mechanistic aspects of ZnO nanoparticle formation and the role of phytochemicals in the
reduction and stabilization process were elucidated using Density Functional Theory (DFT)
calculations, Monte Carlo (MC) simulations, and Molecular Docking approaches, applied to
the isolated phytoconstituents identified by phytochemical screening rather than to the ZnO
nanoparticle lattice itself (Chandramohana et al. 2024).

Density Functional Theory (DFT) calculations

DFT calculations were carried out using the DMol* module of the BIOVIA Materials Studio
software (Accelrys, 2017). Geometry optimization of selected phytochemical molecules was
performed without symmetry constraints. The double numerical plus polarization (DNP) basis
set was applied along with the generalized gradient approximation (GGA) using the Becke—
Lee—Yang—Parr (BLYP) exchange—correlation functional. Solvent effects were incorporated
using the conductor-like screening model (COSMO) to simulate an aqueous environment.
Frontier molecular orbital (FMO) energies (HOMO and LUMO) were calculated to evaluate
electron-donating and -accepting tendencies of these phytoconstituents (not of the ZnO
nanoparticle itself). The energy gap (AE = ELUMO — EHOMO) was used as a criterion of
chemical reactivity and molecular stability of each ligand. Global reactivity descriptors were
computed based on Koopmans' theorem. These parameters were used to assess the reduction
potential and stabilization role of phytochemicals in ZnO nanoparticle formation (Parr and

Yang 1989; Geerlings et al. 2003).

1= —(E_HOMO + E_LUMO) /2 (IV)
n=(E_LUMO — E_HOMO) /2 V)
6=1m (VI)
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Monte Carlo (MC) simulation

The adsorption behaviour of selected phytochemicals on ZnO (110) surfaces was studied using
Monte Carlo simulation in the Adsorption Locator module of Materials Studio. The ZnO (110)
surface was selected for its thermodynamic stability and relevance to crystal growth. Surface
models were built using periodic boundary conditions, and a vacuum slab was added to prevent
interlayer interactions. An explicit aqueous medium was simulated by incorporating water
molecules into the adsorption system. Adsorption configurations were optimized using the
COMPASS force field, and adsorption energies (Eads) were calculated to quantify the
interaction strength between phytochemicals and the ZnO surface (Parr and Yang 1989;

Geerlings et al. 2003).

Molecular docking analysis

The three-dimensional crystal structure of human 17p-hydroxysteroid dehydrogenase type 1
mutant (H221Q) complexed with estradiol was obtained from the Protein Data Bank (PDB ID:
1FDW). The protein structure was prepared by removing co-crystallized ligands and water
molecules, followed by adding polar hydrogens and assigning Kollman charges. We drew two-
dimensional structures of selected phytochemicals in ChemDraw and converted them into
optimized three-dimensional conformations, which we energy-minimized before docking.
Molecular docking was performed using PyRx software version 0.8, which integrates
AutoDock Vina (Trott and Olsan 2010; Dallakyan and Olsan 2015). We recorded binding
affinities (kcal mol™') and identified the most favorable conformations based on the lowest
binding energy. Docked complexes were visualized and analyzed using BIOVIA Discovery
Studio Visualizer (ver. 21.1.0.20298) to identify intermolecular interactions, including
hydrogen bonding, hydrophobic interactions, and n—n stacking (Kitchen et al. 2004; Meng et
al. 2011). Redocking was carried out with X: 45.4, Y: 7.04, Z: 42.35, with spacing of 23.6 0A,
21.5 0A, 18.5 oA, with exhaustiveness of 8.

Results and discussion

Qualitative phytochemical analysis
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The qualitative phytochemical screening of the Allamanda cathartica aqueous leaf extract
revealed the presence of a variety of bioactive secondary metabolites. Preliminary biochemical
tests confirmed the presence of carbohydrates, reducing sugars, alkaloids, glycosides,
flavonoids, cardiac glycosides, phenolic compounds, tannins, saponins, phytosterols, and
quinones (Table 1). Among these, alkaloids, flavonoids, phenolic compounds, tannins,
saponins, and phytosterols were particularly prominent, suggesting a phytochemical profile
rich in redox-active and surface-interacting molecules. The predominance of phenolic and
flavonoid compounds is especially relevant in the context of phyto-mediated nanoparticle
synthesis. These metabolites are known to exhibit strong electron-donating ability due to
hydroxyl and conjugated aromatic systems, enabling them to act as active reducing agents in
the conversion of Zn*" ions into ZnO nanostructures (El-Saadony et al. 2024; Nandhini et al.
2024). Furthermore, the presence of saponins and phytosterols may help stabilize ZnO
nanoparticles by adsorbing onto their surfaces, thereby preventing aggregation and improving
colloidal stability (Mittal and Chisti 2013; Iravani 2011). The detected phytoconstituents
therefore provide a biochemical basis for the dual functionality of A. cathartica leaf extract as
both a stabilizing and reducing agent during ZnO nanoparticle formation. Moreover, many of
these metabolites, particularly phenolics and flavonoids, possess well-documented antioxidant
and cytotoxic properties that may synergistically contribute to the biological activities of

biosynthesized ZnO nanoparticles (El-Saadony et al. 2024; Nandhini et al. 2024).

Biosynthesis of ZnO-NPs

Zinc acetate dihydrate was used as the zinc precursor for the phyto-mediated biosynthesis of
ZnO-NPs employing Allamanda cathartica (AC) leaf extract. Upon addition of the plant
extract to the zinc acetate solution, a gradual color transition from pale yellow to orange-red,
and eventually to a deeper reddish hue, was observed, indicative of complexation and redox
interactions between Zn?' ions and bioactive phytochemicals that initiate nanoparticle
nucleation (Ghaffar et al. 2023; Nandhini et al. 2024). Subsequent adjustment to alkaline
conditions (pH =12) produced a milky white colloidal suspension characteristic of ZnO
nanoparticle formation. Under strongly basic conditions, Zn** ions react with hydroxide ions
(OH") to form zinc hydroxide intermediates that subsequently dehydrate to form ZnO nuclei

according to:
[Zn (CH3COO)]2:2H20 + 2NaOH — Zn (OH)2 + 2H:0 ...... (1)

Zn (OH); & ZnO + H20 ...... 2)
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Phytochemical analysis of the AC leaf extract confirmed the presence of phenolic
compounds, flavonoids, saponins, and tannins with powerful electron-donating and metal-
chelating abilities, which participate in stabilization and reduction reactions during
nanoparticle formation. The involvement of surface-adsorbed phytochemical biomolecules in
the controlled growth and stabilization of ZnO-NP has been widely reported (Ghaffar et al.
2023; El-Saadony et al. 2024; Nandhini et al. 2024). The proposed mechanism for the green

synthesis of ZnO-NP using A. cathartica leaf extract is illustrated schematically in Fig. 1.

Role of phytochemicals in ZnO-NP formation

The biosynthesis of metal oxide nanoparticles using plant extracts has gained significant
attention owing to the eco-friendly nature and the dual role of phytochemicals as reducing and
stabilizing agents. The phytochemical screening of the leaf extract of Allamanda cathartica
revealed abundant flavonoids and phenolic compounds, which are well-documented mediators
of metal-ion reduction and nanoparticle stabilization (Ghaffar et al. 2023; Nandhini et al. 2024).
These secondary metabolites contain multiple hydroxyl (—-OH) and carbonyl (C=0) functional
groups with high electron-donating capacity and metal-chelating properties. In the initial step,
Zn* ions are converted to zinc hydroxide intermediates under alkaline conditions, with
assistance from electron transfer from the phytochemicals, which then dehydrate to form ZnO
nuclei. In the second step, phytochemical molecules adsorb onto the nanoparticle surface,
forming a protective organic layer that prevents uncontrolled growth and aggregation, thereby
enhancing colloidal stability (El-Saadony et al. 2024; Nandhini et al. 2024). The involvement
of these functional groups was further confirmed by FTIR spectroscopy, which revealed shifts
in characteristic vibrational bands associated with hydroxyl, carbonyl, and aromatic groups,
indicating their coordination with ZnO nanoparticles (Ghaffar et al. 2023; El-Saadony et al.
2024; Nandhini et al. 2024).

Physicochemical characterization of ZnO-NP

Comprehensive physicochemical characterization of the biosynthesized ZnO nanoparticles was
performed to assess particle size, morphology, crystallinity, surface functionalization, and
elemental composition. These properties play a key role in the catalytic efficiency and
biological activity of ZnO nanomaterials. Nanoscale dimensions and surface properties
influence surface reactivity, formation of reactive oxygen species (ROS), and interaction with
microbial membranes (Ghaffar et al. 2023; El-Saadony et al. 2024). The biomolecule-mediated

green synthesis approach provided enhanced dispersion stability and surface functionalization
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compared to conventional chemical methods, without the use of toxic reducing agents or

synthetic surfactants (Ghaffar et al. 2023; El-Saadony et al. 2024; Nandhini et al. 2024).
UV-Visible spectroscopic analysis

The optical properties and formation of ZnO nanoparticles were investigated using UV—Visible
spectroscopy. The absorption spectrum showed a characteristic absorption peak at
approximately 374 nm (Fig. 2), coinciding with the native band gap of ZnO due to an electron
transition from the valence band to the conduction band. The sharp absorption peak at 374 nm
is typical for the wurtzite hexagonal crystal structure of ZnO nanoparticles, confirming the
successful synthesis of phase-pure ZnO nanostructures. The relatively narrow absorption band
indicates a fine particle size distribution with limited aggregation. These absorption features
are commonly observed for plant-mediated ZnO nanoparticles in the range of 360-380 nm,
depending on particle size and preparation method (Ghaffar et al. 2023; El-Saadony et al.
2024). The optical band gap energy (Eg) was estimated from a Tauc plot of (ahv)? versus
photon energy (hv) by extrapolating the linear region to o = 0. The estimated Eg was 3.32 eV,
slightly lower than the reported bulk ZnO band gap of ~3.37 eV and comparable to values
reported for green-synthesized ZnO nanoparticles in earlier studies (El-Saadony et al. 2024).

Fourier transform infrared (FTIR) spectroscopic analysis.

FTIR spectroscopy was used to identify functional groups associated with the surface of the
biosynthesized ZnO nanoparticles and to elucidate the role of phytochemicals in nanoparticle
stabilization. The FTIR spectrum (Fig. 3) exhibited a characteristic band at 618 cm™, which
was tentatively attributed to Zn—O lattice vibrations, supporting the formation of ZnO
nanoparticles (Ghaffar et al. 2023; Parr & Yang 1989). A broad band around 3363 cm™
indicated the presence of surface hydroxyl groups and adsorbed water molecules,
corresponding to O—H stretching vibrations. The bands at 2924 and 2843 cm™' were associated
with C-H stretching vibrations, while the band at 1742 cm™ could be attributed to C=0
stretching vibrations. The band at 1618 cm™ was associated with O—H bending and/or C=C
stretching vibrations, whereas the bands at 1377 and 1246 cm ™' may be related to O—H bending
and C—O stretching vibrations of residual plant-derived phytochemicals. The prominent band
at 1047 cm ™! may be attributed to C—O or C—O—C stretching vibrations associated with oxygen-
containing phytoconstituents, such as phenolic, alcoholic, or ether-containing compounds,

retained on the ZnO-NP surface (Ostovar et al. 2023; Venkatesan et al. 2025). The presence of
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these plant-derived functional groups suggests their possible involvement in nanoparticle

formation, surface capping, and stabilization.
X-ray diffraction (XRD) analysis

The crystallographic structure, phase purity, and crystalline nature of the green-synthesized
ZnO nanoparticles were investigated by XRD. The diffraction pattern (Fig. 4) exhibited
characteristic reflections at 20 values of 31.75°, 34.45°, 36.25°, 47.50°, 56.55°, and 63.25°,
corresponding to the (100), (002), (101), (102), (110), and (103) crystallographic planes,
respectively. These peaks are in good agreement with the hexagonal wurtzite structure of ZnO
(JCPDS card number 36-1451), confirming successful formation of crystalline ZnO
nanoparticles (El-Saadony et al. 2024). The absence of additional diffraction peaks indicates
high phase purity, with no detectable secondary zinc-containing phases or crystalline
impurities. The relatively strong reflection at 20 = 34.5° for the (002) plane indicates preferred
growth along the c-axis, commonly observed in ZnO nanostructures prepared under mild or
biological conditions (Ghaffar et al. 2023). The crystallite size was estimated using the Debye—
Scherrer equation, D=KX\/Bcos0, where D is the crystallite size, K is the shape factor (0.9), A is
the Cu Ka radiation wavelength (0.15406 nm), f is the full width at half maximum (FWHM)
of the diffraction peak in radians, and 0 is the corresponding Bragg angle. The calculated
crystallite sizes for the major diffraction peaks ranged approximately from 20.3 to 27.5 nm.
The relatively small crystallite sizes are consistent with the formation of nanoscale crystalline
Zn0O. The smaller crystallite size estimated from XRD compared with the TEM particle size
range (20-60 nm) is attributable to the different physical parameters probed by the two
techniques: XRD estimates the size of coherently diffracting crystalline domains, whereas
TEM directly visualizes the overall morphological dimensions of nanoparticles. Thus, a single
TEM-observed particle may comprise one or more crystalline domains, resulting in a larger

apparent particle size than the XRD-derived crystallite size (Monshi et al. 2012).

Transmission electron microscopy (TEM) and Energy-dispersive X-ray (EDX) analysis

TEM images at various magnifications (Fig. 5) revealed predominantly spherical ZnO
nanoparticles with limited agglomeration. Particle size analysis showed ZnO nanoparticles in
the 20-60 nm range, indicating successful nanoscale synthesis. The relatively narrow size
distribution indicates controlled nucleation and growth processes mediated by plant-derived
biomolecules under alkaline conditions (Ghaffar et al. 2023). EDX spectroscopy (Fig. 6)

showed strong and distinct peaks for Zn and O, confirming ZnO as the major phase with a
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composition of approximately 82.29 wt% zinc and 16.50 wt% oxygen. A small carbon (C)
signal was observed, attributable to residual phytochemicals that serve as capping agents or to
the carbon support used during TEM sample preparation, as is commonly reported for green-
synthesized nanomaterials (El-Saadony et al. 2024). The absence of other elemental peaks

confirms the high compositional purity of the biosynthesized ZnO nanoparticles.

Dynamic light scattering (DLS) and zeta potential analysis

Dynamic light scattering (DLS) was used to determine the hydrodynamic particle size of the
biosynthesized ZnO-NP suspension in an aqueous medium, yielding a mean hydrodynamic
diameter of 86.4 nm and a polydispersity index (PDI) of 0.284. The larger hydrodynamic size
observed by TEM, relative to the 20-60 nm particle size, may be attributed to the
hydration/solvation shell and a surface-associated phytochemical layer surrounding the
nanoparticles, as well as possible particle association in the aqueous dispersion (Kanalli et al.
2025). The ZnO-NP suspension exhibited a zeta potential of —27.6 mV, indicating a moderately
stable colloidal dispersion. The negative surface charge may arise from ionizable oxygen-
containing functional groups of surface-associated phytoconstituents, which can contribute to
electrostatic repulsion and, together with steric effects of the organic capping layer, enhance

the colloidal stability of the nanoparticles (Kumar et al. 2025).
Antibacterial activity of ZnO-NPs

The antibacterial activity of the biosynthesized ZnO-NPs was evaluated against selected Gram-
positive and Gram-negative bacteria using the agar well diffusion assay. Clear inhibition zones
were observed around the wells containing ZnO-NP suspensions at concentrations of 10,000,
5,000, 2,500, and 1,250 pg/mL, as summarized in Table 2, indicating inhibitory effects against
all tested bacteria. The diameters of the inhibition zones varied among the tested organisms,
reflecting differential susceptibility to the nanoparticles. All measurements were performed in
triplicate and expressed as mean + standard deviation (SD). Several synergistic mechanisms
underlie the antibacterial action of ZnO-NPs, including the generation of reactive oxygen
species (ROS), the release of Zn?* ions, and direct contact-mediated disruption of the bacterial
cell membrane (El-Saadony et al. 2024; Iravani 2011). The nanoscale size and high surface
area-to-volume ratio facilitate enhanced interaction with microbial cell walls, promoting
oxidative stress and cellular damage. Differences in inhibition efficiency between Gram-
negative and Gram-positive bacteria may be attributed to variations in cell wall architecture,

with the outer lipopolysaccharide membrane of Gram-negative bacteria potentially limiting
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nanoparticle penetration (El-Saadony et al. 2024). One-way ANOVA revealed statistically
significant differences in zone of inhibition across all tested concentrations for each organism
(p < 0.001), confirming that the antibacterial activity of ZnO-NPs is strongly concentration-
dependent. The high F-values observed for Escherichia coli (F(3,8)=513.98) and Pseudomonas
aeruginosa (F(3,8)=366.05) indicate a steep concentration-response relationship. At the same
time, the comparatively lower F-value for Bacillus cereus (F(3,8)=58.42) indicates its sustained
susceptibility even at the lowest tested concentration (1,250 pg/mL; 8 mm). Tukey's post hoc
test confirmed significant pairwise differences among individual concentration groups, thereby
validating the dose-dependent antibacterial efficacy of the biosynthesized ZnO-NPs (Balouiri
et al. 2016).

Minimum inhibitory concentration (MIC)

The MIC values determined by the microdilution assay were lower for Gram-positive than for
Gram-negative bacteria, indicating greater susceptibility of Gram-positive organisms. The
MIC assay was performed using the same concentrations of ZnO-NPs (10,000, 5,000, 2,500,
and 1,250 pg/mL) used for the agar well diffusion assay. However, MIC and zone-of-inhibition
measurements represent distinct endpoints: MIC corresponds to the lowest concentration at
which no visible bacterial growth is observed in the microdilution assay, whereas the inhibition
zone represents the diameter of growth inhibition produced by diffusion of the nanoparticles
through agar. Therefore, the absence or size of an inhibition zone at a particular concentration
should not be directly equated with the MIC at that concentration. This difference may be
attributed to structural differences in cell envelopes: the thick yet permeable peptidoglycan
layer in Gram-positive bacteria allows for greater nanoparticle interaction. In contrast, the outer
lipopolysaccharide membrane in Gram-negative bacteria serves as an additional permeability
barrier (El-Saadony et al. 2024). The small particle size (20-60 nm) and high surface area-to-
volume ratio of the synthesized ZnO-NPs facilitated greater surface contact with bacterial cells,
thereby enhancing oxidative stress via ROS production and membrane disruption. Overall, the
results indicate that plant-mediated ZnO-NPs possess strong antibacterial activity, with greater
efficacy against Gram-positive bacteria. All MIC measurements were conducted in triplicate,
and the MIC values were determined independently from the inhibition-zone measurements.
The MIC replicate data were re-verified to ensure consistency of the reported values (Balouiri

et al. 2016).

Antioxidant activity
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The DPPH radical scavenging activity of the biosynthesized ZnO-NPs showed a concentration-
dependent increase in inhibition, as presented in Fig. 7. The ICso value was determined as 655.5
pg mL™. In contrast, ascorbic acid, used as the reference standard, exhibited an ICso value of
832.9 ug mL " under the same experimental conditions. FTIR analysis confirmed the presence
of hydroxyl- and phenolic-containing functional groups on the nanoparticle surface, which can
contribute electrons or hydrogen atoms to scavenge DPPH radicals. Additionally, the nanoscale
particle size (20—60 nm) and high surface area-to-volume ratio enhance interactions with free
radicals, improving scavenging efficiency (El-Saadony et al. 2024; Ghaffar et al. 2023).
Although Zn** ions are known cofactors of antioxidant-related enzymes such as superoxide
dismutase (SOD), the DPPH assay primarily reflects non-enzymatic radical scavenging
activity; thus, the observed antioxidant behavior is more plausibly associated with surface-
mediated redox interactions and the contribution of phytochemical residues adsorbed on the
nanoparticle surface (El-Saadony et al. 2024). Collectively, these findings indicate that the
green-synthesized ZnO nanoparticles exhibit moderate antioxidant potential arising from

synergistic effects between their nanostructured surface and bioactive capping agents.
Cytotoxic studies

A549 lung carcinoma cells

The cytotoxic properties of the biosynthesized ZnO-NPs against the A549 human lung
carcinoma cell line were assessed using the MTT assay. As shown in Fig. 8, cell viability
decreased with increasing ZnO-NP concentration, demonstrating a concentration-dependent
cytotoxic effect. The ICso value for A549 cells was calculated as 243.81 ug mL™". The decrease
in cell viability may be explained by the cellular mechanisms associated with ZnO
nanomaterials, including intracellular ROS generation, mitochondrial dysfunction, disruption
of membrane integrity, and interference with metabolic pathways by Zn** ions (Ghaffar et al.
2023; El-Saadony et al. 2024). The nanoscale size (20—60 nm) and large surface area-to-volume
ratio facilitate cellular uptake and interactions with cellular machinery, enhancing oxidative
stress and activating apoptotic signaling pathways (El-Saadony et al. 2024). Residual
phytochemicals adsorbed on the nanoparticle surface may also contribute to cytotoxic effects
via redox-mediated interactions and modulation of intracellular signaling pathways (Ghaffar et
al. 2023). Phase-contrast microscopy of A549 cells treated with ZnO-NPs (Fig. 8) showed

characteristic morphological changes, including cell shrinkage, rounding, membrane blebbing,
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and detachment from the culture surface, consistent with apoptotic processes (El-Saadony et

al. 2024; Iravani, 2011).

MCF7 breast carcinoma cells

Concentration-dependent cytotoxic activity was observed in the MCF7 human breast
carcinoma cell line following treatment with biosynthesized ZnO-NP. As depicted in Fig. 9,
cell viability gradually decreased with increasing nanoparticle concentration, yielding an ICso
of 17592 ng mL™, indicating greater sensitivity than in A549 cells under identical
experimental conditions. Phase-contrast microscopy (Fig. 9) showed marked changes in treated
cells, including cell shrinkage, rounding, detachment, and reduced confluency, whereas
untreated controls retained normal morphology. These alterations are typical signs of
nanoparticle-induced cytotoxic stress and are related to apoptosis and disruption of cellular
integrity (El-Saadony et al. 2024). The enhanced cytotoxic response in MCF7 cells may be
associated with differences in cellular capacity for nanoparticle uptake, maintenance of
intracellular redox balance, and sensitivity to oxidative stress. Mechanisms of ZnO-NP
cytotoxicity include ROS production, mitochondrial dysfunction, and activation of apoptotic

signaling pathways (Ghaffar et al. 2023; El-Saadony et al. 2024).

Cytotoxic evaluation across multiple cell lines

Cytotoxicity studies were extended to the L929 normal mouse fibroblast cell line and the KB-
3-1 human oral carcinoma cell line to assess the biological profile and selectivity of the ZnO-
NP. L929 fibroblasts showed lower sensitivity to ZnO-NP treatment in the tested concentration
range, with less pronounced morphological changes; at low concentrations, cell architecture
remained relatively normal, while partial detachment was observed only at high concentrations
(Fig. 10). This indicates comparatively lower cytotoxicity toward non-cancerous cells, an

important attribute for assessing therapeutic relevance (El-Saadony et al. 2024).

The KB-3-1 oral carcinoma cell line exhibited a clear concentration-dependent decrease
in cell viability, consistent with the antiproliferative responses observed in MCF7 and A549
cells (Fig. 11). Microscopic examination showed rounded cells and cytoplasmic vacuolization
after treatment, signs of stress, and decreased viability. The ICso value analysis revealed a
sensitivity pattern of MCF7 > KB-3-1 > A549 > 1.929, indicating greater cytotoxic sensitivity
in the cancer cell lines than in the normal fibroblast cell line, with MCF7 showing the greatest
sensitivity. This behaviour is consistent with ROS-induced apoptosis reported for ZnO

nanoparticles, which is often amplified in cancer cells due to alterations in redox homeostasis
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and mitochondrial dysfunction (Iravani 2011). The nano-scale size (20—60 nm) and high
surface reactivity of ZnO-NPs facilitate cellular uptake and intracellular Zn?** release,
enhancing apoptotic signaling and oxidative stress within cells (Ghaffar et al. 2023). The

proposed mechanism of ZnO-NP-induced cytotoxicity is illustrated schematically in Fig. 12.
Selectivity index and possible basis of differential cytotoxicity

To further evaluate the differential cytotoxic response of cancerous and normal cells to the
biosynthesized ZnO-NPs, the selectivity index (SI) was calculated using the ICso value obtained
for L929 normal fibroblast cells as the reference. The SI was calculated as the ratio of the ICso
value for L929 cells to that of each cancer cell line: SI = ICso (L929)/ICso (cancer cell line). An
SI > 1 indicates greater cytotoxic sensitivity of the cancer cell line relative to the normal
fibroblast cells, whereas an SI < 1 indicates comparatively greater sensitivity of the normal
cells. The calculated values are presented in Table 3. L929 fibroblast cells exhibited an ICso of
640.16 pg mL™', whereas considerably lower ICso values were obtained for A549 (243.81 pg
mL™"), MCF7 (175.92 pg mL™"), and KB-3-1 (189.62 pg mL™") cells. Accordingly, SI values
0f 2.63, 3.64, and 3.38 were obtained for A549, MCF7, and KB-3-1 cells, respectively. The SI
values, therefore, followed the order MCF-7 > KB-3-1 > A549, consistent with the relative ICso

values observed in the MTT assay.

The SI values greater than 2 observed for all three cancer cell lines indicate preferential
cytotoxicity of the ZnO-NPs toward the tested malignant cells relative to L929 fibroblasts
under the experimental conditions employed. The highest SI (3.64) was observed in MCF7
cells, indicating that the concentration required to reduce L929 cell viability by 50% was
approximately 3.6-fold higher than in MCF7 cells. Similarly, the ZnO-NPs displayed
approximately 3.4-fold and 2.6-fold greater sensitivity toward KB-3-1 and A549 cells,
respectively, than toward 1929 cells. These results provide additional evidence of the
differential cellular response to biosynthesized ZnO-NPs and complement the concentration-
dependent cytotoxicity observed in the MTT assay. The observed differential cytotoxicity may
be associated with differences in cellular redox status, membrane properties, nanoparticle
uptake, and susceptibility to oxidative stress. Cancer cells generally exhibit altered redox
homeostasis and elevated basal oxidative stress, which can increase their vulnerability to
additional ROS generated following exposure to ZnO-NPs. ZnO nanoparticles have been
reported to exert cytotoxic effects through several interconnected processes, including
nanoparticle—-membrane interactions, intracellular ROS generation, Zn** release, mitochondrial

dysfunction, and subsequent activation of cell-death pathways (Iravani 2011; Chattaraj et al.
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2003). The morphological alterations observed in the present study, including cell rounding,
shrinkage, membrane blebbing, detachment, and cytoplasmic vacuolization, are consistent with

substantial cellular stress and loss of viability.

The physicochemical characteristics of the present ZnO-NPs may also contribute to
their biological response. TEM analysis revealed predominantly spherical nanoparticles in the
20-60 nm size range, thereby providing a relatively high surface area for interaction with
cellular components. Nanoscale ZnO particles can interact with cell membranes and undergo
cellular internalization, while dissolution at the particle—cell interface can contribute to
intracellular Zn** availability. These processes, together with ROS generation, may exacerbate
oxidative damage to cellular proteins, lipids, and nucleic acids, ultimately impairing
mitochondrial and cellular functions (Chattaraj et al. 2003; Sabry et al. 2024). Nevertheless,
the present study did not directly quantify intracellular ROS, Zn?*" release, or mitochondrial
membrane potential; therefore, these processes should be considered plausible mechanisms

rather than experimentally demonstrated pathways.

The phytochemical composition of the Allamanda cathartica leaf extract may influence
the surface characteristics and biological behavior of the biosynthesized ZnO-NPs. Preliminary
phytochemical screening identified several classes of secondary metabolites, particularly
phenolic compounds, flavonoids, alkaloids, tannins, saponins, and phytosterols. Many of these
phytoconstituents contain oxygen- or nitrogen-bearing functional groups that can interact with
metal ions and nanoparticle surfaces, potentially contributing to the reduction, capping, and
stabilization of plant-mediated ZnO-NPs (Mutukwa et al. 2024). The FTIR spectrum of the
synthesized ZnO-NPs exhibited bands corresponding to hydroxyl and other oxygen-containing
organic functionalities, supporting the possible association of plant-derived molecules with the
nanoparticle surface. Such surface-associated phytochemicals may influence nanoparticle
dispersion, surface reactivity, and interactions with biological interfaces, thereby potentially

contributing to the observed biological activities.
Computational analysis
Density functional theory (DFT) analysis

To evaluate the electron-donating and electron-accepting properties of the main
phytoconstituents from the leaf extract of Allamanda cathartica, frontier molecular orbital

(FMO) analysis was performed. The distribution of HOMO and LUMO for ferulic acid,
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kaempferol, p-coumaric acid, and quercetin is shown in Fig. 13, and the calculated electronic
parameters are summarized in Table 4. The HOMO energies of the selected phytochemicals
ranged from —8.740 to —8.682 eV, indicating good electron-donating capacity to Zn** ions in
aqueous medium. Among the four phytoconstituents, quercetin exhibited the most negative
HOMO energy (—8.740 eV), confirming its superior electron-donating capacity, which is
attributed to the presence of five hydroxyl substituents on its flavonoid backbone that facilitate
extensive electron delocalization across the conjugated ring system (Sabry et al. 2024). Their
LUMO energies ranged from —6.404 to —6.350 eV, and HOMO-LUMO energy gaps (AE =
2.33 eV) indicate appreciable reactivity suitable for electron transfer processes. Global
reactivity descriptors including ionization potential (I), electron affinity (A), global hardness
(1), global softness (o), electronegativity (y), chemical potential (i), electrophilicity index (o),
and nucleophilicity index (¢) (Table 4) showed moderate hardness (n = 1.16—1.17 eV) and
appreciable softness (¢ = 0.85 eV™!), suggesting high molecular polarizability and reactivity.
The relatively high electrophilicity index (o = 24 eV) of all four phytoconstituents indicates
strong charge-transfer interactions with metal-ion centers, consistent with DFT studies
reporting high o values for phenolic and flavonoid compounds engaged in metal-oxide surface
interactions (Chakraborthy and Chattaraj 2021). Quercetin further ranked highest in
electronegativity (y = 7.572 eV) and electrophilicity index (o = 24.544 eV), collectively
identifying it as the most potent Zn** reducing and ZnO surface-coordinating agent among the
phytoconstituents studied, which is in agreement with Monte Carlo adsorption simulation
findings presented in Section 3.8.2 (Chakraborthy & Chattaraj, 2021; Sabry et al., 2024). These
electronic descriptors provide evidence of the electron-donating capacity and chemical
reactivity of phenolic and flavonoid molecules, suggesting their potential to interact with Zn**
precursor species during ZnO-NP synthesis (Parr and Yang 1989; Geerlings et al. 2003). As
the DFT calculations were performed on isolated phytoconstituent molecules, these findings
specifically reflect their intrinsic electronic and electron-donating properties rather than the

structural stability of the ZnO nanoparticle lattice.
Monte Carlo (MC) simulation studies

Selected phytochemical constituents were studied using Monte Carlo simulations in aqueous
media to investigate their adsorption behaviour on the ZnO (110) surface. Optimized
adsorption configurations are shown in Fig. 14, and corresponding energy parameters are
summarized in Table 5. The calculated adsorption energies were highly negative (—3.91 x 10*

kJ mol™ per simulation supercell), confirming that adsorption of phytochemical molecules onto
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the ZnO surface is spontaneous and thermodynamically favourable. The large magnitude of the
adsorption energy indicates chemisorptive-type molecule—surface interactions rather than
simple physisorption, consistent with Monte Carlo simulation studies reporting strong negative
adsorption energies for polyphenolic molecules on metal oxide surfaces (Fahimirad et al.
2022). The optimized configurations showed a semi-flat orientation of the phytochemical
molecules relative to the ZnO surface, indicating maximum surface coverage and effective
passivation. This semi-flat adsorption geometry maximizes the number of simultaneous contact
points between the phenolic hydroxyl groups and electrophilic Zn** sites on the ZnO (110)
surface, consistent with the superior electron-donating properties of quercetin identified in DFT
analysis (Fahimirad et al., 2022; Sabry et al. 2024). The calculated deformation and binding
energies further validated the stability of these interactions. The differential adsorption energy
per molecule of extract phytochemical (dEad/dNI = —1.65 x 10* kJ mol™") being significantly
more negative than that of water (dEad/dNI = —4.527 x 103 kJ mol™") confirms competitive
displacement of solvent molecules by phytochemicals from the ZnO surface, supporting their
role as effective capping agents (Fahimirad et al. 2022). This remarkable adsorption property
supports the proposed function of plant-derived biomolecules as reducing and capping agents
in nanoparticle shaping. These computational results support the molecular-level stability of
ZnO nanoparticles synthesized using A. cathartica extract, consistent with stabilization
mechanisms reported for other plant-based nanoparticle systems (Chattaraj et al. 2003; Ghaffar
et al. 2023).

Molecular docking analysis

Since the ICso value was lowest for the MCF-7 breast cancer cell line, docking studies were
focused on this cell line. To investigate the interaction of ZnO nanoparticle-associated
phytochemical ligands with human 178-hydroxysteroid dehydrogenase type 1 mutant (PDB
ID: 1FDW), a protein implicated in hormone-dependent cancers, molecular docking analysis
was performed using PyRx with the AutoDock Vina algorithm. 17p-hydroxysteroid
dehydrogenase type 1 mutant catalyzes the conversion of estrone to the biologically active
estradiol, a key hormone that drives the proliferation of estrogen receptor-positive MCF-7
breast cancer cells. Inhibition of 17B-HSD1 may reduce local estradiol biosynthesis and
suppress hormone-dependent tumor growth, making it a biologically relevant target for
evaluating the anticancer potential of the identified phytochemicals (Trott and Olson 2010;
Dallakyan and Olson 2015). The selection of 17B-HSDI1 as the docking target is further

supported by the established literature demonstrating that flavonoids, including quercetin and
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kaempferol, interact with estrogen receptor-associated enzymes through hydrogen bonding and
hydrophobic contacts within the substrate-binding pocket, consistent with their electron-rich

flavonoid backbone identified in DFT analysis (Sabry et al. 2024).

The docking results showed that the ligands favorably docked into the receptor's
substrate-binding pocket. Calculated binding affinities ranged between —6.5 and —5.7 kcal
mol™!, indicating favorable and stable ligand—protein interactions. Detailed interaction analysis
(Fig. 15) revealed hydrogen bonding, hydrophobic interactions, and electrostatic contacts that
contribute to the stabilization of the docked complexes. Hydrogen bonds are particularly
important in determining binding specificity and stability, thereby influencing overall binding
affinity (Kitchen et al. 2004; Meng et al. 2011). These interactions indicate physicochemical
contacts between surface-associated molecules on the nanoparticles and biologically relevant
proteins involved in cancer progression. Redocking of the co-crystallized ligand estradiol into
the estrogen receptor a binding site yielded an RMSD of 2.8 A between the crystallographic
and predicted poses. Visual inspection demonstrated substantial overlap of the steroid core and
preservation of the native binding orientation, supporting the validity of the docking protocol.
Although cytotoxic activity was observed against A549 and KB-3-1 cell lines, molecular
docking was focused on the estrogen receptor o (ERa; PDB: 1FDW) as the representative target
based on the highest cytotoxic sensitivity observed in MCF-7 breast cancer cells (ICso=175.92
pg mL™). Specific validated targets with co-crystallized ligands relevant to A549 (lung
adenocarcinoma) and KB-3-1 (oral epidermoid carcinoma) were not pursued in the present
study; such target-specific docking for these cell lines is recommended as a direction for future
work. While molecular docking does not directly confirm biological activity, it provides a
mechanistic framework for the observed cytotoxic activity. In totality, the integrated
computational analysis supports experimental observations by providing a proposed
mechanistic framework: DFT calculations confirmed favourable electronic characteristics of
A. cathartica phytoconstituents for Zn** reduction and surface adsorption, Monte Carlo
simulations confirmed spontaneous phytochemical adsorption onto the ZnO surface, and
molecular docking highlighted favorable binding affinities with MCF7 breast cancer-related

target proteins.

The computational findings provide complementary support for the proposed
contribution of this phytochemical. DFT calculations on selected A. cathartica
phytoconstituents revealed frontier molecular orbital characteristics consistent with their

potential involvement in electron-transfer processes during nanoparticle formation. The
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relatively high HOMO energy level and low HOMO-LUMO energy gap observed in the
investigated compounds indicate their potential as electron donors and chemically reactive
character. These electronic properties may facilitate interactions with zinc-containing species
during synthesis and contribute to reduction, nucleation, and stabilization. However, the DFT
results should be interpreted as molecular-level evidence for the reactivity of the selected
phytoconstituents rather than direct proof of the complete ZnO-NP formation mechanism. The
Monte Carlo simulation results further indicated favorable interactions between the selected
plant-derived molecular species and the zinc surface. The negative adsorption energy obtained
from the simulation supports energetically favorable adsorption of the investigated molecules
on the zinc surface. Such adsorption may contribute to the formation of an organic interfacial
layer around the developing nanoparticles, thereby providing a plausible molecular basis for
the stabilizing or capping role of phytochemicals during green synthesis. The combined DFT
and Monte Carlo results, therefore, complement the FTIR findings and provide a reasonable
mechanistic framework in which plant-derived molecules participate in nanoparticle formation

and surface stabilization.

The biological findings can consequently be considered in the context of this
phytochemical-functionalized nanoparticle surface. Surface-associated phytochemicals may
alter the interaction of ZnO-NPs with microbial and mammalian cells, while the intrinsic
physicochemical properties of ZnO contribute to ROS generation and Zn**-mediated cellular
effects. The antibacterial activity observed against both Gram-positive and Gram-negative
bacteria, together with the concentration-dependent cytotoxicity against the cancer cell lines,
demonstrates the multifunctional biological activity of the synthesized material. The moderate
DPPH radical-scavenging activity (ICso=655.5 pg mL™") further indicates that the nanoparticles
possess measurable radical-scavenging capacity. However, this activity should not be equated
directly with the ROS-generating mechanisms responsible for nanoparticle-mediated
cytotoxicity, as DPPH scavenging is an in vitro chemical assay. The molecular docking
analysis provides an additional computational perspective on the potential biological
interactions of the system. The predicted favorable interactions with the selected protein target
suggest that molecular recognition between the investigated bioactive components and the
protein may contribute to the observed biological effects. However, docking results represent
predicted binding interactions and should therefore be considered supportive rather than

definitive evidence of a specific molecular mechanism. Experimental validation using
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biochemical or cellular target-engagement assays would be required to conclusively establish

such interactions.

Taken together, the experimental and computational findings support a working model
in which phytochemicals present in A. cathartica leaf extract participate in the formation and
stabilization of ZnO-NPs. At the same time, the resulting nanoscale material exhibits biological
activity through a combination of surface-mediated interactions, ROS-associated stress, and
Zn*-related effects. The comparatively higher ICso of L929 cells and SI values of 2.63-3.64
indicate preferential cytotoxicity toward the tested cancer cell lines, with MCF7 cells showing
the greatest sensitivity. Although these findings are promising, the observed SI should be
regarded as evidence of differential in-vitro cytotoxicity rather than definitive therapeutic
selectivity. Further studies using additional normal human cell models, intracellular ROS
measurements, apoptosis-specific assays, and mechanistic molecular investigations would be
required to establish the anticancer selectivity and biological mechanism of the 4. cathartica-
mediated ZnO-NPs. Collectively, these results reinforce the mechanistic understanding of ZnO
nanoparticle synthesis and bioactivity using 4. cathartica as a plant source, supporting their

potential as plant-based nano-biomaterials for biomedical applications.
Conclusions

The present study demonstrates the successful green synthesis of zinc oxide nanoparticles
(ZnO-NPs) using Allamanda cathartica leaf extract as a plant-derived source of reducing and
stabilizing phytochemicals. The combined physicochemical characterization using UV—Visible
spectroscopy, FTIR, XRD, TEM, and EDX confirmed the formation of crystalline ZnO with a
hexagonal wurtzite structure, predominantly spherical morphology, and nanoscale particle
dimensions of approximately 20—-60 nm. The FTIR findings, together with the phytochemical
profile of the leaf extract, suggest that plant-derived functional groups are involved in
nanoparticle formation and surface stabilization. The biosynthesized ZnO-NPs exhibited
broad-spectrum antibacterial activity against the tested Gram-positive and Gram-negative
bacteria, with MIC values indicating concentration-dependent antimicrobial activity. The
nanoparticles also showed moderate DPPH radical-scavenging activity, with an 1Cso of 655.5
pg mL™'. Cytotoxicity evaluation revealed concentration-dependent inhibition of cancer-cell
viability, with MCF-7 cells exhibiting the greatest sensitivity (ICso=175.92 pg mL™"), followed
by KB-3-1(189.62 ng mL ") and A549 cells (243.81 pg mL™"). In comparison, L929 fibroblasts
showed a substantially higher ICso of 640.16 ng mL'. The corresponding selectivity indices of
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3.64, 3.38, and 2.63 for MCF-7, KB-3-1, and A549 cells, respectively, indicate preferential in-
vitro cytotoxicity toward the tested cancer cells relative to the normal fibroblast model. These
findings, together with the observed morphological alterations, support the potential of the

biosynthesized ZnO-NPs as a bioactive nanomaterial with differential cytotoxic effects.

The computational investigations complemented the experimental findings by
providing a mechanistic framework for understanding the possible contribution of plant-
derived phytochemicals to nanoparticle formation and biological activity. DFT calculations of
selected phytoconstituents provided electronic reactivity descriptors consistent with their
potential involvement in electron-transfer processes during ZnO formation. Monte Carlo
simulations further indicated energetically favorable interactions between the investigated
phytochemical species and the zinc surface, supporting their possible contribution to surface
adsorption and nanoparticle stabilization. Molecular docking analysis also predicted favorable
interactions between the investigated ligand(s) and the selected biological target, providing a
computational basis for the possible involvement of protein—ligand interactions in the observed
anticancer response. These computational results should be considered complementary
evidence and provide hypotheses for experimentally testable mechanisms rather than direct
confirmation of the individual molecular pathways. Overall, the integration of phytochemical-
mediated synthesis, physicochemical characterization, antimicrobial and antioxidant
evaluation, cytotoxicity and selectivity analysis, together with DFT, Monte Carlo, and
molecular docking approaches, provides a comprehensive assessment of A. cathartica-
mediated ZnO-NPs. The findings indicate that the plant-derived phytochemical environment
may contribute to nanoparticle formation, surface stabilization, and biological functionality.
The preferential cytotoxicity observed toward the tested cancer cell lines, particularly MCF-7
cells, together with the antibacterial activity, highlights the potential of these ZnO-NPs for
further investigation in biomedical and pharmaceutical applications. However, additional
studies involving intracellular ROS quantification, Zn**-release analysis, apoptosis-specific
assays, mechanistic target validation, and in vivo evaluation are required to establish their
therapeutic efficacy and safety. To the best of our knowledge, this study represents an
integrated computational-experimental investigation combining DFT-derived reactivity
descriptors, Monte Carlo adsorption simulations, and molecular docking with the
physicochemical and biological characterization of A. cathartica-mediated ZnO-NPs. This

multidisciplinary approach provides a mechanistic framework linking phytochemical-assisted
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nanoparticle formation and stabilization with their observed antimicrobial and preferential

anticancer activities.
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Tables

Table 1 Qualitative phytochemical analysis of Allamanda cathartica leaf extract.

131(; Phytochemical tests Results
1. Test for Carbohydrates (Molisch’s test) +
2. Test for Reducing sugars (Fehling’s test) +
3. Test for Alkaloids +
4. Test for Flavonoids +
5. Test for Glycosides -
6. Test for Cardiac glycosides (Keller-Killiani test) +
7. Test for Phenols +
8. Test for Saponins +
9. Test for Steroids -
10. Test for Quinones +
11. Test for Tannins +
12. Test for Coumarins -
13. Test for Anthraquinones -
14. Test for Phytosterols +
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Table 2 Antibacterial activity of ZnO-NP against Staphylococcus aureus, Bacillus cereus, Pseudomonas
aeruginosa, and Escherichia coli.

Diameter of zone of inhibition (in mm)

Test organisms MIC
10000 1250 MIC pg/mL
ng/mL, 5000 pg/mL | 2500 pg/mL ng/mL

Staphylococcus aureus 14.00+0.82 | 12.00+0.71 | 5.00+0.58 0 2500
Bacillus cereus 16.00+0.94 | 14.00+0.82 | 12.00+0.71 | 8.00+0.58 1250
Pseudomonas aeruginosa 8.00 +0.58 6.00 + 0.47 0 0 5000
Escherichia coli 12.00+0.71 | 8.00+0.58 0 0 5000
Table 3 1Cso and selectivity index of ZnO-NP against cancer and normal cell lines
Cell line Cell type ICso (ng mL™) SI
A549 Lung carcinoma 243.81 2.63
MCF-7 Breast carcinoma 175.92 3.64
KB-3-1 Oral carcinoma 189.62 3.38
1929 Normal fibroblast 640.16 1.00

Calculation: SI = ICso (L929)/ICso (cancer cell line).
An SI >2 is commonly interpreted as indicating preferential/selective cytotoxicity toward cancer cells relative to
normal cells. Therefore, your results provide a useful additional dimension beyond simply comparing ICso values.
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Table 4 Frontier molecular orbital energies (HOMO, LUMO) and global reactivity descriptors calculated for
selected phytochemical ligands using density functional theory (DFT).

Name of the E (nomo | Ewumo) AE [ A(eV) | n(eV) | x(eV) | o(eV" | p(eV) | o(eV) | g(eV"
compound ) (eV) (eV) (eV) 1 1)
Ferulic acid -8.692 -6.357 | 2.335 [ 6.357 | 1.167 | 7.524 ] 0.856 | - 24.254 1 0.041
7.524

Kaempferol -8.711 -6.37 2.341 | 6.37 1.170 [ 7.540 | 0.854 | - 24.295 | 0.041
7.540

p-coumaric -8.682 -6.350 2.332 | 6.350 | 1.166 | 7.516 | 0.857 | - 24.223 | 0.041

acid 7.516

Quercetin -8.740 -6.404 2336 | 6.404 | 1.168 | 7.572 | 0.856 | - 24.544 | 0.040
7.572

Table 5 Adsorption and energy parameters obtained from Monte Carlo simulation analysis describing interactions
between phytochemical ligands and the ZnO (110) surface.

Total Adsorption Rigid Deformation dEad/dN1 dEad/dNy

energy energy adsorption energy (extract) (Water)
energy

6.058 -3.91x104 -7.53 -3.91 %104 -1.65x10* -4.527 %103
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Figures

MECHANISM OF ZnO NANOPARTICLE SYNTHESIS
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Fig. 1 Proposed mechanism for the green synthesis of ZnO nanoparticles using Allamanda cathartica leaf extract,
illustrating phytochemical-mediated reduction of Zn?* ions and stabilization of the resulting ZnO nanostructures.
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Fig. 2 UV—Visible absorption spectrum of biosynthesized ZnO nanoparticles recorded in the wavelength range of
200-800 nm showing the characteristic absorption peak associated with ZnO band-gap transition.
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Fig. 3 FTIR spectrum of biosynthesized ZnO nanoparticles indicating Zn—O lattice vibrations and functional
groups corresponding to phytochemical capping agents derived from A. cathartica extract.

37



—_—
&
i JCPDS 36-1451
o o~
= S
o3
N
.‘;“ > o~
: | 5 =&
5 =] o B B
Py —_—
= -
)
o~
D 20 30 40 50 G0 70 80
20 (degree)

Fig. 4 X-ray diffraction (XRD) pattern of ZnO nanoparticles synthesized using Allamanda cathartica leaf extract
showing diffraction peaks corresponding to the hexagonal wurtzite crystal structure (JCPDS No. 36-1451).

Fig. 5 Transmission electron microscopy (TEM) images of biosynthesized ZnO nanoparticles at different
magnifications illustrating particle morphology and size distribution.
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Fig. 6 Energy-dispersive X-ray (EDX) spectrum of ZnO nanoparticles confirming the elemental composition and
presence of Zn and O as the principal components.
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Fig. 7 DPPH radical scavenging activity of biosynthesized ZnO nanoparticles at different concentrations
demonstrating concentration-dependent antioxidant activity.
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Fig. 8 Cytotoxic effect of A549 lung carcinoma cells by ZnO nanoparticles. MTT assay: cell viability decreased
in a dose-dependent manner after 24 h treatment, phase-contrast images: morphological changes after 24 h
treatment. (A) Control; (B) Cisplatin-treated; (C—G) ZnO-NP-treated cells at 50, 100, 150, 200, and 250 pg/mL,
respectively. With the increase in the concentration of ZnO-NPs, progressive shrinkage, rounding, and detachment
of the cells were seen.
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Fig. 9 The cytotoxic and morphological effects of Zinc Oxide Nanoparticles on MCF-7 breast cancer cells. MTT
assay indicated the concentration-dependent decrease in cell viability, and phase-contrast images showed the
morphological changes after 24 h treatment. (A) Control; (B) Cisplatin-treated; (C—G) ZnO-NP-treated cells at
50, 100, 150, 200, and 250 ug/mL, respectively. As the concentration of ZnO-NPs increased, progressive
shrinkage, rounding, and detaching of cells were seen.

41




120 -

IC,,= 640.16 pg/ml

100 |

80 -
60
40
20

0 -

Untreated Cisplatin
15 pg/ml
Concentration of ZnO Nanoparticles (pug/mL)

1

1

1

Percentage (%) Cell Viability

B A
v \%‘ ,1;: ﬁ?i“ff; [
A

: ’giwdﬂor .

v 2‘,,

SR
N 4
w S N\d“.‘\ﬁ"“‘ﬁ“ﬁ;&«l

CAS =

A
et 5 L

‘;\l“ I\'/ fr A
o\w‘l‘Q e \b}gg&u%
r‘l

3} ?ﬁ
'1'2\ 'k LN ,‘.M .’\aA 4.:‘;3

LY

6’;

Fig. 10 Effects of ZnO nanoparticles on L929 mouse fibroblast cells. MTT assay showing cell viability following
ZnO nanoparticle treatment and phase-contrast images depicting morphological changes after 24 h exposure. (A)
Control; (B) Cisplatin-treated; (C—G) ZnO-NP-treated cells at 50, 100, 150, 200, and 250 pg/mL, respectively.
Morphological alterations, including cell shrinkage and reduced adhesion, increased with ZnO-NP concentration.
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Fig. 11 The cytotoxicity and morphological effects of ZnO nanoparticles on KB-3-1 oral carcinoma cells. MTT
cell viability assay (cell viability concentration dependent) and phase-contrast images (morphological changes
after 24 h treatment). (A) Control; (B) Cisplatin-treated; (C—G) ZnO-NP-treated cells at 50, 100, 150, 200, and
250 pg/mL, respectively. As the concentration of ZnO-NPs increased, progressive reduction in size, rounding,
and loss of adhesion were seen.
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Anticancer Effects of Allamanda cathartica Leaf Extract-Derived
ZnO Nanoparticles on MCF-7 and A549 Cells
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Fig. 12 Proposed schematic mechanism of ZnO nanoparticle-induced cytotoxicity in cancer cells involving ROS
generation, mitochondrial dysfunction, Zn*" ion release, and activation of apoptotic pathways.
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Fig. 13 Frontier molecular orbital (FMO) distributions of the major phytochemical constituents identified in
Allamanda cathartica leaf extract used for DFT analysis: (a) ferulic acid, (b) p-coumaric acid, (¢) kaempferol,
and (d) quercetin, illustrating HOMO and LUMO electron density localization.
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(2) (b)

Fig. 14 Optimized adsorption configurations obtained from Monte Carlo simulations showing interactions
between selected phytochemical ligands and the ZnO (110) surface under aqueous conditions: (a) side view and
(b) top view of the adsorption geometry.
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Fig. 15 Two-dimensional interaction diagrams of docked phytochemical ligands with human 17B3-hydroxysteroid
dehydrogenase type 1 mutant (PDB ID: 1FDW) obtained from molecular docking analysis: (a—i) showing
hydrogen bonding, hydrophobic interactions, and electrostatic contacts within the binding pocket.

47



